Zorovie M, Hedwig B. Processing of species-specific auditory patterns in the cricket brain by ascending, local, and descending neurons during standing and walking. J Neurophysiol 105: 2181-2194, 2011. First published February 23, 2011 doi:10.1152/jn.00416.2010.-The recognition of the male calling song is essential for phonotaxis in female crickets. We investigated the responses toward different models of song patterns by ascending, local, and descending neurons in the brain of standing and walking crickets. We describe results for two ascending, three local, and two descending interneurons. Characteristic dendritic and axonal arborizations of the local and descending neurons indicate a flow of auditory information from the ascending interneurons toward the lateral accessory lobes and point toward the relevance of this brain region for cricket phonotaxis. Two aspects of auditory processing were studied: the tuning of interneuron activity to pulse repetition rate and the precision of pattern copying. Whereas ascending neurons exhibited weak, low-pass properties, local neurons showed both low-and band-pass properties, and descending neurons represented clear band-pass filters. Accurate copying of single pulses was found at all three levels of the auditory pathway. Animals were walking on a trackball, which allowed an assessment of the effect that walking has on auditory processing. During walking, all neurons were additionally activated, and in most neurons, the spike rate was correlated to walking velocity. The number of spikes elicited by a chirp increased with walking only in ascending neurons, whereas the peak instantaneous spike rate of the auditory responses increased on all levels of the processing pathway. Extra spiking activity resulted in a somewhat degraded copying of the pulse pattern in most neurons.
Several methods have been developed for investigating the tuning of phonotaxis in walking crickets, all involving some kind of a walking compensator (Bohm and Schildberger 1992; Doherty and Pires 1987; Schildberger and Homer 1988; Weber et al. 1981) . Using a trackball system with improved spatial and temporal resolution, Hedwig and Poulet (2004) showed that auditory orientation of crickets emerges from simple reactive steering toward individual sound pulses. This indicated that the pulse structure is preserved from the sensory input to the motor output during cricket phonotaxis. The reactive steering started with latency as low as 55-60 ms, while the recognition of the song pattern appeared to control the gain of the reactive steering . Whichever the mechanism of pattern recognition underlying phonotaxis is, the pulse structure of chirps appears to be forwarded to the walking motor network controlling the leg movements. This must be reflected in the neural activity of the crickets' auditory-to-motor interface that leads from the processing of the sensory inputs to the generation of appropriate motor commands.
Besides the experiments of Bohm and Schildberger (1992) , Schildberger and Homer (1988) , , and Staudacher (1998 Staudacher ( , 2001 , studies of neural pathways underlying cricket phonotactic behavior were usually carried out in restrained animals. However, the activity of the neurons involved in phonotaxis appeared to be strongly affected by motor activity-dependent and modulatory influences (Staudacher 2001; Staudacher and Schildberger 1998) . It is therefore essential to perform neural recordings in behaving animals (Fee 2000) . To understand the functioning of the entire neural pathway of auditory processing from the sensory input to motor output, it is also vital to look at different levels of processing.
We developed an experimental set-up that allowed recording the activity of brain neurons in walking crickets. Recording the activity of the ascending, local, and descending neurons from the brain provided a unique opportunity to analyze the sensoryto-motor pathway at three different levels of information processing. Focusing on the trends in song pattern selectivity and the preservation of the pulse structure of chirps through these levels of auditory processing, we describe new types of interneurons and point toward a specific premotor region of the brain, which may be involved in the control of phonotaxis. Additionally, the high-resolution measurement of walking behavior enabled us to investigate the correlations between walking and neuronal activity and the impact of walking on auditory processing.
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MATERIALS AND METHODS

Animals and dissection.
Experiments were performed on adult female crickets (Gryllus bimaculatus de Geer), from the colony at the Department of Zoology, University of Cambridge (Cambridge, UK), maintained on a 12-h:12-h light:dark photo cycle. Female larvae were isolated as last instars and raised in a separate room to ensure physical and acoustic isolation from males.
For dissection, the crickets were positioned upright on a block of Plasticine by restraining all legs with metal clamps. The Plasticine block was fixed to a holder that allowed free rotation of the animal. The head was slightly tilted backwards, and using a mixture of beeswax and resin, it was tightly glued into a tip of a modified Eppendorf tube. The anterior head capsule was opened, the antennae and the ocellar nerves were cut, and the ventral side of the brain was exposed. The clypeus and the labrum were removed, and the mandibles were immobilized with the beeswax/resin mixture. In some animals, the contracting esophagus was cut off to stabilize the brain. The tissue was covered with insect saline (ionic composition in mmol 1-': 140.NaC1, 10.KC1, 4 CaCl2, 4 NaHCO3, 6 Nall2PO4).
Next, the leg restraints were removed, and the animal was positioned on the trackball (for details, see Hedwig and Poulet 2005) . Care was taken that all of the legs were intact and moved freely. A small, metal platform attached to a micromanipulator was placed underneath the brain for support, and a metal ring was lowered onto the brain to stabilize it. The platform also served as a reference electrode for intracellular recordings.
Acoustic stimulation. Sound stimuli were generated with the software Cool Edit Pro 2000 (Syntrillium Software, Phoenix, AZ) running on a personal computer (PC) and presented by two piezoelectric speakers through brass tubes with frontal openings of 14 mm, which were positioned 10 mm away from the crickets' ears and at 45° in respect to the animals' longitudinal axis. The tubes were used to reduce possible diffraction of sound by the electrophysiological setup. Acoustic stimuli had a carrier frequency of 4.8 kHz and an intensity of 75-decibel (dB) sound pressure level RMS (root mean square) relative to 20 µPa. Sound amplitude was calibrated with an accuracy of 1 dB at the position of the ears using a Briiel & Kjxr (Nwrum, Denmark) measuring amplifier (type 2610) and a free-field microphone (type 4191).
The standard sound pattern to mimic the natural calling song consisted of six sound pulses grouped into a chirp. Each pulse was 21 ms long (with 2-ms rise and fall times). The intervals between individual pulses were also 21 ms long, resulting in a pulse period (PP) of 42 ms. The chirp duration was 231 ms and the chirp period 500 ms. This corresponded to the syllable repetition intervals that Thorson et al. (1982) used in phonotactic experiments.
To investigate the temporal selectivity of neurons, we also used sound patterns with 10 ms or 98 ms PPs. The three different temporal patterns are labeled PP10, PP42, and PP98. The pulse duty cycle within a chirp was 50% for all sound patterns. With respect to the direction of acoustic stimulation, the terms "ipsilateral" and "contralateral" refer to the position of the active speaker in relation to a neuron's cell body.
Intracellular recording. Recordings were made using microcapillaries pulled with a Flaming/Brown micropipette puller (P-97; Sutter Instrument, Novato, CA) from thick-walled Borosilicate capillaries (Harvard Apparatus, Edenbridge, Kent, UK; 1 mm outer diameter, 0.58 mm inner diameter). The tip of the microcapillaries was filled with 5% Lucifer Yellow CH (Sigma-Aldrich, St. Louis, MO), dissolved in aqueous 0.5 M LiC1 and the shaft backfilled with a 0.5-M LiC1 solution to produce electrodes of 60-100 MS/ resistance. For intracellular staining, Lucifer Yellow was injected for 2-10 min with a 1-to 8-nA hyperpolarizing current. Signals were recorded using a SEC-05LX amplifier (npi electronic, Tamm, Germany) in bridge mode.
Following injection, Lucifer Yellow was allowed to spread throughout the neuron for 15-20 min. Thereafter, the brain was dissected and fixed in 4% formaldehyde, dehydrated in an ethanol series, and cleared in methylsalicylate. Neurons were photographed using a digital single-lens reflex camera (Canon EOS 350D) attached to a Zeiss Axiophot fluorescence microscope. For graphical projections of neural arborizations, photo-stacks were traced using Photoshop CS2 (Adobe, San Jose, CA) and a Graphire 4 pen tablet (Wacom Europe GmbH, Krefeld, Germany).
Data sampling and analysis. All data were sampled on-line to the hard disk of a PC with Spike2 software [Cambridge Electronic Design (CED), Cambridge, UK] using a CED 1401 plus data acquisition interface set to a sampling rate of 10 kHz/channel. Data evaluation was carried out with Spike2 and NeuroLab software (Hedwig and Knepper 1992; Knepper and Hedwig 1997) .
To present the response characteristics of interneurons to different auditory stimuli, we evaluated the mean spike rates/s and the peak instantaneous spike rates for 12-15 chirps for each of the three auditory patterns tested. We analyzed the responses of one, two, or three individual neurons/neuron type. In the case of local contralateral brain neuron 1 (soma cluster 5) [B-LC1(5)], only six responses were analyzed for PP10 and PP98, due to strong adaptations (see RESULTS) . The means and SD were calculated for each neuron separately; where more than one neuron of the neuron type was analyzed, we present the grand means. The instantaneous spike rate was defined as the inverse of the duration of each interspike interval. The peak values of the instantaneous spike rate were measured for individual chirps, and their means and the SD were calculated.
The physiological characteristics of responses to PP42 chirps for one neuron of each type are presented in the form of raster plots, peri-stimulus time histograms (PSTHs), and changes in the spike rate (note that here, the instantaneous spike rate was averaged over 5-ms intervals). Where numbers of spikes/pulse are given, n refers to the number of pulses evaluated.
The degree of synchronization of action potentials (APs) with the sound pulses of different auditory patterns was analyzed as described by Schildberger (1984) . After latency correction, the synchronization coefficient (SC) was determined: all spikes occurring during a pulse (EPu) and those occurring during a pause between pulses (EPa) were counted, and the ratio (EPu -EPa)/(EPu + EPa) was calculated. In the case of perfect copying, SC = 1, and SC = 0, if there is no copying at all. SC values were averaged over 12-15 chirps for each neuron [six in the case of PP10 and PP98 patterns and neuron B-LC1(5)]. Note that the SC value is independent of a neuron's overall activity level; i.e., SC may be high, although the neuron generated only few spikes.
While the crickets were walking on top of the trackball, an optical sensor recorded their left-right and forward-backward movement components. From the forward-backward component, we calculated the crickets' forward velocity and from the left-right component, their lateral velocity. For details on evaluation of trackball data, see Hedwig and Poulet (2005) . The relation between walking and the spike rate of a neuron was analyzed by calculating Pearson's correlation coefficient between the forward-velocity amplitude and the spike rate for consecutive, 300-ms intervals over a 6-to 10-s period. The instantaneous spike rate is presented in the figures. In text, we regarded crickets as walking, even if walking occasionally stopped for intervals shorter than 500 ms; intervals exceeding 500 ms were judged as episodes of standing.
Terminology. Terminology for insect neurons is not uniform, and in the case of cricket brain neurons, partially redundant acronyms have been used. We therefore follow the labeling system of Hedwig (1986) . For instance, "B" stands for brain, "TH1" stands for 1st thoracic ganglion, "A" for ascending, "L" for local, and "D" for a descending axon. The following letters, "I" or "C", signify an ipsi-or contralateral position of the output structures with regard to the cell body in the ascending and local neurons, whereas in the descending neurons, the Values represent means (B-LI1, B-LC2) and grand means (other neurons). Number of neurons analyzed/each neuron type: *n = 1, tn = 2, fn = 3. For each individual cell, the responses elicited by 6-15 chirps were analyzed for each sound pattern. s, standing; w, walking; PP, pulse period; TH1, 1st thoracic ganglion; AC, ascending contralateral; B-LI1, local ipsilateral brain neuron 1; B-LC, local contralateral brain neuron ; B-DI1(5), descending ipsilateral brain neuron 1 (soma cluster 5); B-DC1, descending contralateral brain neuron 1(5).
letters I or C signify the side of the brain (with regard to the cell body) through which the axon is descending toward the suboesophageal ganglion. Terms ipsilateral and contralateral in figures are also used with respect to the cell body.
Following the guidelines on neural taxonomy (Rowell 1989) , we here replace the established acronyms for ascending intemeurons 1 and 2 (AN1 and AN2) (Wohlers and Huber 1982) by TH1-AC1 and TH1-AC2. The acronyms PABN2 (Boyan 1980) and BNC1c (Schildberger 1984) , which were used for a local ipsilateral brain neuron, were replaced by B-LI1. Following the scheme, two descending intemeurons, which had been labeled BDNi5 and BDNc5 (Staudacher 1998) , as belonging to the cluster 5 of descending neurons, were assigned B-DI1(5) and B-DC1(5). In this case, the addition of a parenthetical number indicates the soma cluster in the brain.
The phrase spontaneous activity is used to describe neural activity in the absence of sound stimuli, and spontaneous walking refers to walking in the absence of sound stimuli.
RESULTS
When placed on top of the trackball, most crickets started walking spontaneously. The animals then performed episodes of walking and standing, during which different song patterns were presented. The forward velocity ranged in amplitude from 1 to 12 cm s -1. Lateral velocity ranged from 1 to 5 cm/s-1. We present physiological and morphological data from seven auditory intemeurons. Intracellular recordings and staining were obtained in the proto-and deutocerebrum and lasted up to 30 min. In the case of the ascending neurons, only a single TH1-AC1 and a single TH1-AC2 are present on each side of a cricket (Hennig 1988; Wohlers and Huber 1982) . The data from Schildberger (1984) and our own data suggest that there is only one B-LI1 neuron on each side of the cricket brain. B-LC2, however, may label a small group of neurons of similar morphology and physiology. B-DI1(5) and B-DC1(5) represent clusters of several neurons, based on our morphological and physiological data and anatomical data presented by Staudacher (1998) . All physiological response parameters and data on spiking activity during spontaneous walking are summarized in Tables 1 and 2 .
The experimental approach allowed stable recording of brain neurons in standing and walking crickets. Phonotactic steering toward the species-specific song occurred infrequently. Some females (ca. 15%) readily steered, at least during the first hour, whereas on several occasions, the animals started steering toward the sound source several hours after the start of the brain recordings. Preliminary experiments demonstrated that microinjections of neuroactive substances into the brain may be a suitable method to elicit phonotaxis (M. Zorovic' and B. Hedwig, unpublished observations).
Arborization patterns of neurons. The structures of ascending, local, and descending auditory neurons revealed two bilateral brain regions that were involved in processing the auditory stimuli (Fig. 1) . One is the ventral protocerebrum, lateral to the a-lobe, where the main axonal projection fields of both ascending neurons, TH1-AC1 and TH1-AC2, were located. Dendrites of the local interneuron B-LI1 overlapped with these projection areas in the ventral protocerebrum, whereas in the posterior protocerebrum, its axonal arborizations overlapped with the dendrites of two bilateral local (5) interneurons, B-LC1 and B-LC2. Branches of these two bilateral neurons occupied the area in the posterior median protocerebrum, on the border to deutocerebrum, which was previously described by Schildberger (1984) as the branching area of some local brain neurons. It is located posterolaterally to the central body complex and lies on the anterior border of the antennal lobes ( Fig. 1 , outlines given for B-LC2) in the area of the lateral accessory lobes (LALs) (Sakura et al. 2007 ). The dendrites of both descending interneurons were also located in the LALs. B-DI1(5) had an ipsilaterally descending axon, whereas the axon of B-DC1(5) crossed the midline before entering the contralateral connective. The ascending neurons TH1-AC1 and TH1-AC2 are two first order interneurons forwarding auditory information from the first thoracic ganglion to the brain (Wohlers and Huber 1982) . In TH1-AC2, the axon split in the posterior protocerebrum and the main branch projected anteriorly, whereas the largest side branch projected along the dorsal surface of the lateral neuropil toward the optic sta k, where it terminated after a sharp anteriomedial loop (Boyan and Williams 1982) . Data were derived from three recordings of TH1-AC1 and four recordings of TH1-AC2.
We recorded and stained one ipsilateral and two bilateral local interneurons. The ipsilateral neuron B-LI1 corresponded to PABN2 described by Boyan (1980) and BNC1c described by Schildberger (1984) . The structure of B-LI1 with anterior dendrites and posterior axonal arborizations indicated that it could forward information from the terminals of TH1-AC1 and TH1-AC2 to the ipsilateral LAL. Large unitary 5 mV excitatory postsynaptic potentials (EPSPs) and spikes were recorded from the dendrites of this neuron.
The bilateral local neurons B-LC1 and B-LC2 had a characteristic morphology with arborizations restricted to the LALs on either side of the brain, connected by an axon that crossed the midline The branches on the ipsilateral side of the soma had a smooth appearance, whereas the contralateral ones had a varicose structure. Correspondingly, both EPSPs and spikes were recorded from the ipsilateral branches and only spikes from contralateral branches. Although B-LC1 and B-LC2 shared a general appearance, they differed in the location of the cell body and the shape of their branching patterns. We recorded from and stained two cells of each neuron type. The cell body of B-LC1 was located ventrally in the median deutocerebrum. The primary neurite looped dorsolaterally and on approaching the middle of the ipsilateral deutocerebrum, turned toward the LAL region, where it branched extensively. The axon crossed the midline rising toward the dorsal surface and then turned ventrally before it terminated with extensive arborizations in the contralateral LAL. The cell body of B-LC2 was located ventrally in the middle of the ipsilateral posterior protocerebrum. The axon connecting the bilateral arborizations was located dorsally with regard to the cell body, whereas the axonal and dendritic regions lie closer to the ventral surface of the brain.
Two types of descending neurons were stained, B-DI1(5) and B-DC1(5). Recordings were obtained from three B-DI1 (5) and eight B-DC1(5) neurons. B-DI1(5) neurons belong to a ventral cluster i5 that contains between 4 and 19 perikarya (Staudacher 1998) . The primary neurite projected mediodorsally and turned posteriorly toward the dendritic arborizations, which were located dorsally, posteriorly, and laterally to the central complex. The axon descended through the dorsal deutoand tritocerebrum and then in the middle of the connective (Fig. 1 ). Recordings were obtained from the dendrites and revealed spikes and synaptic activity.
B-DC1(5) neurons belong to a morphologically homogenous group of four to seven neurons with cell bodies in the posterior part of the ventromedial protocerebrum in soma cluster c5 (Staudacher 1998) . Main morphological characteristics of B-DC1(5) neurons were bilateral arborizations overlapping in the LALs with those of the local bilateral interneurons B-LI1 and B-LC1. Dendrites occurred in the medial and dorsal protocerebrum. The contralateral axonal arborizations were dorsal in the posterior proto-and anterior deutocerebrum. The axon descended from the brain contralaterally through the median part of the connective. We encountered some variability in physiological properties. All eight neurons received excitatory inputs upon acoustic stimulation from both speakers. Whereas in two experiments, the neurons responded with the same level of excitation to ipsi-and contralateral acoustic stimulation, in three experiments, the neurons received stronger auditory inputs from the ipsilateral side and in three other experiments, from the contralateral side. Physiological data shown are based on four experiments, including neurons from all three groups.
Selectivity for temporal patterns. In most neurons, the selectivity for song patterns PP10, PP42, and PP98 was tested only in standing crickets, and we analyzed the responses during standing to compare across all neuron types (Fig. 2) . In the case of TH1-AC1 and TH1-AC2, the song patterns were presented from the contralateral side (note that in the ascending auditory neurons, the dendrites are opposite the cell bodies), and in the case of the local and the descending neurons, the song patterns were played from the ipsilateral side. The only neurons to show any spontaneous activity during standing were B-LC2 neurons; their firing rate varied between 5 and 70 Hz.
Chirps of the song pattern PP42 elicited responses with mean spike rates between 30 and 115 Hz, on average, across all neuron types (Fig. 2, histograms left) , with the highest response recorded from the local cells B-LC2 (Table 1 ; Fig. 2E ). With the exception of B-LC2, overall, the mean spike rate of the auditory responses decreased for attractive as well as unattractive patterns along the processing pathway from the ascending to the descending neurons (Table 1 ). The peak instantaneous spike rates, however, revealed no consistent trend. Ascending neurons exhibited weak low-pass properties, local neurons showed either low-or band-pass properties, and descending neurons represented clear band-pass filtering. This increase in selectivity along the processing pathway was reflected in the mean spike rate but less clear for the peak instantaneous spike rates.
When the latter was considered (Fig. 2, histograms middle) , only one decending neuron, B-DI1(5), exhibited band-pass selectivity for the behaviorally attractive pattern PP42 (Fig.  2F ). Note that no value is given at PP10 for neurons B-DI1(5), because the average number of spikes/chirp was <1. The spike rates of responses to pattern PP42 across all neurons ranged from 75 to 285 Hz. B-DC1(5) exhibited strong response decrement toward behaviorally unattractive chirps of song patterns PP10 and PP98. The neuron stopped spiking after the first (for PP10) or the third (for PP98) chirp of a test sequence. The response traces, the number of spikes/chirp, and the peak instantaneous spike rates (Fig. 2G ) therefore reflect only the responses at the beginning of the chirp sequences. B-DC1(5) thus demonstrated band-pass selectivity, not only in the number of spikes/chirp but also through a strong response decrement to patterns PP10 and PP98.
Copying of the pulse pattern in the auditory-to-motor pathway. The level of pulse pattern copying via the coupling of APs to individual pulses was evaluated for different temporal patterns by calculating the SC (Table 1) . Across all neuron types, the SC values were lower for pattern PP10 than for PP42 or PP98 (Fig. 2, histograms right) . The SC was generally high within the sensory-to-motor pathway, reflecting good coupling of neuronal activity to the pulse structure of the chirp for many neurons. In the descending neurons, the SC values were higher for the attractive pattern PP42 than for patterns PP10 and PP98.
The highest SC values overall, 0.94 and 0.93, were calculated at PP42 for local neurons B-LC1 and descending neurons B-DI1(5), respectively. The only neurons with a SC value below 0.5 for PP42 were the local neurons B-LC2 with SC 0.34. Figure 3 , left, shows the coupling of spikes to individual pulses and the modulation of the instantaneous spike rate for pattern PP42 across the ascending, local, and descending brain neurons during standing. In TH1-AC1, over the course of one chirp, the number of spikes/pulse decreased from 3.8 ± 0.8 (n = 20) for the first pulse to 2.6 ± 0.6 (n = 20) for the last pulse. The firing pattern represented each PP42 pulse as a distinctive peak in the spike rate of 180-220 Hz. In the sound-pulse intervals, the neuron was mostly silent (note the high SC value, Table 1); however, the spike rate still remained at 50 Hz, as the spike rate value was determined by the last spike of one burst and the first spike of the next burst. The PSTH and the raster plot for TH1-AC2 show that the first pulse of each chirp elicited the most accurate response when timing of spikes is considered (Fig. 3B, left) . Spiking to subsequent pulses appeared more scattered. Since the neuron responded only with 1.1 ± 0.3 spikes/pulse (n = 120), the spike intervals were rather long, and the sound pulses were not copied by the instantaneous spike rate. The PSTH of B-LI1 (Fig. 3C, left) shows weak coupling of spikes to pulses; the high scatter in the raster plot reflects the relatively low SC value of 0.54. The spike rate reached a maximum of 40 Hz at the first pulse; however, it was not modulated to follow the pulse pattern. Neurons B-LC1 fired an average of 2.6 spikes in response to each of the first three pulses, whereas the last pulse elicited, on average, only 1.1 spikes (Fig. 3D, left) . The pulses were copied by the timing of spikes and the modulation of their firing rate. In response to pulses, the spike rate reached up to 220 Hz and decreased to ca. 25 Hz between pulses. An interesting response characteristic that sets B-LC2 apart from all of the other interneuron types described here is a considerably weaker response to the first pulse of a chirp than to any of the subsequent pulses (Fig. 3E, left) . Whereas the first pulse of each chirp elicited 1.7 (n = 20) spikes on average, pulses two to five elicited 3.9-4.6 (n = 80) spikes, and then the response decreased again to 2.1 spikes at the last pulse. Although the raster plot shows considerable scatter, the sound pulses were copied by the timing of spikes and the modulation of the spike rate. The highest spike rate of 148 Hz occurred in response to the second sound pulse, whereas the average spike rate of the response to the first pulse was only 40 Hz. Between the responses to individual pulses, the spike rate decreased by 15-35%. Note that the song patterns were all presented during hyperpolarization by 4.5 nA, which removed any background spike activity (see Fig. 3E ). Another interesting feature of this neuron was the long response latency of 72.2 ms, on average, as measured for PP42 during standing. This was a consequence of the neuron failing to respond to the first pulse in ca. 50% of the chirps. Overall, the latency of the responses increased along the processing pathway, from ca. 20-24 ms in the ascending to 45-50 ms in the descending neurons (Fig. 4) . The spikes of B-DI1(5) were coupled to pulses (Fig. 3F, left) ; however, after the forth pulse, the response became weaker. The raster plot shows very little scatter; the individual pulses were copied by the modulation of the spike rate with peaks up to 125 Hz. The second pulse elicited the strongest response. Between individual peaks, the spike rate decreased to ca. 30 Hz. The raster plot and the PSTH of B-DC1(5) (Fig. 3G, left) revealed that the spikes and the instantaneous spike rate were only weakly coupled to pulses.
Neuron activity and walking. All neurons were activated during walking, even when no sound was presented (Table 2 ; Fig. 5, A-G) ; spike frequency during walking ranged from 5 to 200 Hz across all neuron types. The effects of walking on neurons' responses to sound stimuli were tested for PP42 chirps (Table 1 ; Fig. 2; Fig. 3, right) .
The number of spikes elicited by a chirp during walking increased compared with standing only in the ascending neurons, whereas there was a 10-65% decrease in all other neurons. The peak spike rates, on the other hand, increased during walking in all neurons except B-LC2 and B-DI1(5). In the latter, the spike rate decreased by as much as 42%. The pulse pattern copying properties were also affected by walking: in most cases, the SC values decreased during walking by 4% [B-DI1(5)] to 30% (B-LI1). In B-LC2, there was a small increase of 9% in SC, whereas in B-DC1(5), the SC value increased during walking by 22%.
During spontaneous walking, both ascending neurons showed a significant correlation between spiking activity and the forward walking and the lateral velocity to the contralateral side (note, again, that in the ascending auditory neurons, the dendrites are opposite the cell bodies) ( Table 2 ). In TH1-AC1, the maximum instantaneous spike rate in response to PP42 chirps reached 200 Hz, and the majority of spikes fired during the sound stimulus were coupled to pulses (Fig. 3A, right; Fig.  5A ). The spiking activity of TH1-AC2 copied the pulse pattern of PP42 chirps by both the timing of spikes (PSTH) and the modulation of the spike rate (Fig. 3B, right) . The spike rate reached 70 Hz in response to the first and 45 Hz in response to the last pulse. Between individual pulses, the spike rate decreased to ca. 30 Hz. The scatter plot shows that the firing pattern was more dispersed than during standing; indeed, during walking, the SC value decreased.
During recording from B-LI1, the cricket was very active during periods of walking; attempted -1 jumps and running with a forward velocity of up to 12 cm s resulted in an unstable recording (Fig. 5C ). The spiking activity was correlated to the forward walking velocity and the lateral velocity to the ipsilateral side (Table 2 ). The spiking frequency of B-LI1 rose to ca. 50 Hz in response to PP42 chirps, with peaks reaching 120 Hz. Although some unitary EPSPs still occurred, the neuron now mostly generated spikes. The spike rate of B-LI1 in response to PP42 chirps was modulated and weakly copied the pulse pattern; the firing pattern represented each pulse as a peak in the spike rate of 45-75 Hz (Fig. 3C, right) . During the interpulse intervals, the spike rate decreased to about 35 Hz.
During spontaneous walking, the B-LC1 neurons were activated with a spike frequency of around 20 Hz, with occasional peaks up to 135 Hz (Fig. 5D) . The spiking activity during spontaneous walking showed significant correlation only with the lateral walking velocity to the contralateral (Table 2) . The response to the first pulse of a chirp during walking was most pronounced and reached 3.5 ± 0.9 spikes (n = 20), whereas only 1.2-1.6 spikes were elicited by any of the following pulses (Fig. 3D, right) . The response pattern became more scattered compared with the response in a standing cricket. As a consequence, the PSTH and the peaks in the spike rate became slightly broader and less pronounced. The pulse structure was again copied by both the timing of spikes and modulation of the spike rate. Between individual peaks, the spike rate decreased to ca. 25 Hz. During the recording shown in Fig. 5D , the cricket was walking relatively slowly; the maximum forward velocity did not exceed 2 cm s-1. The strongest activity of the neuron coincided with a strong turn of the cricket to the contralateral side, which led to a negative value of the forward velocity (Fig. 5D) .
During the recordings of B-LC2, the crickets were walking spontaneously, albeit with the forward velocity, never exceeding 4 cm s-1 (Fig. 5E ). During walking, the spike rate reached up to 85 Hz. As in B-LC2, the spiking activity during spontaneous walking showed significant correlation only with the lateral walking velocity to the contralateral but not with the forward walking velocity ( Table 2 ).The scatter in the raster plot for responses to PP42 chirps during walking indicated a high variability of the spike pattern (Fig. 3E, right) . The PSTH showed that the response to the first pulse of a chirp was low and that the spikes were coupled best to pulses 2-5. Pulses were also copied by the modulation of the spike rate. Between subsequent pulses, the spike rate dropped by 30-50%. The high variability in the number of spikes/chirp and the spike frequency modulation in response to PP42 during standing and walking are illustrated by the recording in Fig. 5E .
During spontaneous walking, the membrane potential of B-DI1(5) increased by 4-5 mV. The spike rate was 5-15 Hz with peaks up to 40 Hz (Fig. 5F ). There was significant correlation between spiking activity and the forward velocity and the lateral velocity to the ipsilateral side (Table 2) . When PP42 chirps were presented, the spikes were coupled to individual pulses (Fig. 3F, right) . The first three pulses of a chirp were copied by the peaks in the instantaneous spike rate, whereas the last three pulses were not mirrored by the spike rate. The scatter of the spikes still remained low, and accordingly, the SC value was still very high at 0.89. In one B-DI1(5) neuron, there was a change in the neuron's response to the species-specific song pattern, which was related to the animal's standing and walking behavior (Fig. 5F ). While a sequence of PP42 was presented, the neuron hardly responded to the sound pattern in the walking cricket. The animal then stopped walking, and at the same time, the neuron changed its activity pattern. It responded to the next chirp with a series of six large, 20 mV EPSPs, which copied the pulse pattern and elicited two to three spikes (Fig. 5F) . Along with the change in the firing pattern, the cricket also performed several strong turns in the direction of sound (Fig. 5F ). The negative values of forward velocity in this case were the consequence of a strong rotation of the cricket to the ipsilateral side without any forward movement. When the cricket then started walking again (Fig.  5F , from 7 s to 11 s), the forward velocity increased, and the response to the sound stimulation from the contralateral side was rather weak and irregular. After the animal again had stopped walking, the chirps presented from the ipsilateral side elicited again a spiking response coupled to the sound pattern. Thus, the neuron's auditory responses were clearly reduced during walking.
B-DC1(5) showed low activity during walking with no correlation between the spike rate and forward or lateral velocity (Table 2; Fig. 5G ). The number of spikes elicited by PP42 chirps during walking was slightly lower than in the standing animal. During sound presentation, there was a maintained depolarization of about 2.5 mV (Fig. 5G ). The raster plot shows less scatter of spikes (Fig. 3G, right) . During walking, the spikes were better coupled to pulses than during standing, which was reflected in an increased SC value. The instantaneous spike rate copied the first two pulses of a chirp only and reached its maximum in response to the second pulse.
DISCUSSION
The experimental setup was designed to explore mechanisms of auditory pattern recognition and steering in behaviorally relevant conditions. It allowed intracellular recordings of brain neurons in tethered crickets during standing and walking. Recording from ascending, local, and descending neurons enabled us to describe overall trends in temporal pattern selectivity and copying accuracy along the processing pathway.
Arborization patterns of neurons and processing of auditory information in the brain. Our staining of interneurons at different levels of the auditory pathway and the response latencies of the corresponding interneurons highlight the flow of auditory information in the cricket central nervous system. From the auditory neuropil within the prothoracic ganglion, activity reaches the brain by the ANs TH1-AC1 and TH1-AC2 (Boyan and Williams 1982; Wohlers and Huber 1982) . Both interneurons form dense axonal arborizations in the anterior ventral protocerebrum. Auditory activity is then forwarded toward local brain neurons such as B-LI1 (Boyan 1980; Schildberger 1984) . Its structure is suited to receive information from the ascending auditory interneurons and to activate neurons in the posterior median protocerebrum in the region of LALs.
The dendrites of the bilateral local neurons B-LC1 and B-LC2, which connect the left and right LALs, overlap with the axonal arborizations of B-LI1. Interestingly, also, the dendrites of the descending neurons B-DI1(5) and B-DC1(5) overlap with LALs. These structural characteristics of the ascending, local, and descending auditory neurons in the brain point toward a directed flow of auditory information from the ascending auditory to the descending premotor interneurons and indicate the role of LAL regions (Fig. 6, outlines) as an integral part within the auditory-to-motor pathway. The long response latency of B-LC2 suggests that this neuron is not suited to forward commands underlying rapid steering responses; it may, however, be part of a pattern recognition mechanism operating on a larger time scale (see below).
The structure of the local neurons B-LC1 and B-LC2 with smooth branches on the ipsilateral side of the cell body and varicose arborizations on the contralateral side, together with the finding that graded potentials could be recorded only on their ipsilateral side, demonstrates a crossing of auditory ac- tivity between the left and right side of the brain. Even if sound is presented only to one side of the animal, a resulting motor signal may descend ipsi-and contralaterally to drive phonotactic walking and steering toward the sound source. The neurons may also sharpen any bilateral descending motor commands by inhibitory interaction.
The relevance of the LALs for insect motor activity has been described in connection with visual control of flight behavior in locusts (Homberg 1994 ) and the control of pheromone-guided flight in moths (Kanzaki and Shibuya 1986; Kanzaki et al. 1991) . Additionally, Bohm and Schildberger (1992) described a descending brain neuron in crickets with extensive dendritic arborizations in the LAL area, which was directly involved in control of walking. Together with the ventral protocerebrum, the LAL appears to form a premotor center in insect brains (Bohm and Schildberger 1992) . Numerous studies also imply a strong connection of the central body complex to insect walking and turning activity (Homberg 1987; Popov et al. 2004; Ridgel et al. 2007; Strauss 2002; Strauss and Heisenberg 1993) . However, so far, there is no evidence that this region would be involved in the control of cricket phonotaxis. Bilateral brain neurons structurally similar to B-LC1 and B-LC2 were described as high-frequency neurons and might be involved in evasive flight behavior in the cricket, Teleogryllus oceanicus (Brodfuehrer and Hoy 1990) . Some of these neurons also responded weakly to 5 kHz pulses, whereas B-LC1 neurons, which we described here, responded also to ultrasound stimulation (data not shown). This points to similarities of auditory processing by bilateral local brain neurons in different cricket species. The response of central auditory neurons to both the frequency of the conspecific song and the frequency of bat echolocation raises the question of how the auditory-tomotor pathway generates opposing motor responses. In T. oceanicus, for example, an identified ascending auditory interneuron elicits antipredator behavior only in flight (Nolen and Hoy 1984) but not during walking (Hofstede et al. 2009 ). Similarly, the findings of Schul and Shulze (2001) suggest that in Tettigonia, the auditory interneuron TN-1 has different response characteristics during walking and flying because of differences in predation pressure (Schul and Schulze 2001) .
Selectivity for temporal patterns. Various models have been proposed for auditory pattern recognition in insects. Crosscorrelation mechanism involves an internal template, against which the song pattern is matched (Hennig 2003; Weber and Thorson 1989) . Another mechanism is an autocorrelation filter with one direct and one delayed pathway that converges on a coincidence detector (Reiss 1964) , which is activated whenever the time interval between pulses equals the delay. Schildberger (1984) proposed a neural band-pass system for pattern recognition in G. bimaculatus. Bush and Schul (2006) provide evidence that in a katydid, pulse-rate recognition relies on the resonant properties within an auditory network.
In G. bimaculatus, sound patterns elicited the best phonotactic steering response when the PP was in the range of 26-48 ms, which included the PP of the natural calling song (Doherty 1985; Thorson et al. 1982) . Both ascending auditory neurons, TH1-AC1 and TH1-AC2, respond to song patterns across a broad range of PP values, well below and above the phonotactically effective range; however, they exhibit weak low-pass properties for both the mean spike rate and the peak instantaneous spike rate. Schildberger (1984) proposed that local brain neurons, acting as low-pass and high-pass filters, are combined to act as a band-pass filter system for pattern recognition in G. bimaculatus. In this system, the information on the occurrence of a conspecific calling song is converted from an accurately copied representation to a temporally filtered signal capable of triggering phonotaxis. The selectivity of these local neurons for specific temporal patterns was reflected in the intensity of the response, i.e., the number of spikes/chirp. Based on these values, two of the local neurons described here, B-LC1 and B-LC2, demonstrated strong band-pass selectivity for the species-specific pattern (see Table 1 ; Fig. 2, D and E) . High-pass properties were not observed in any of the neurons described.
The activity of the band-pass responding neuron B-LC2 came with extremely long response latency (Figs. 3E and 4) due to recurrent failure to respond to the first pulse of the chirp. Whereas in most other auditory neurons, the first pulse of a chirp elicited the strongest response, a response starting with the second sound pulse will require specific temporal processing. The response pattern of B-LC2 could be explained by an initial mixed excitatory-inhibitory input, or it may point toward an autocorrelation mechanism involving a time-delay pathway that matches the pulse intervals (Weber and Thorson 1989) . In the barn owl, adaptations in the microsecond range of delay lines underlying azimuthal sound localization are achieved by extending the axon length of magnocellular neurons projecting into the laminar nucleus (Carr and Boudreau 1993) . In bats, the delays are created by different lengths of delay lines and additional interneurons (Kamata et al. 2004) . A 40-ms delay line in the cricket brain may, however, be questionable. A central resonance mechanism, as proposed for bush-crickets (Bush and Schul 2006) and supported by the oscillatory responses recorded from an auditory neuron in the brain of T. oceanicus (Hennig et al. 2004) , may also be involved in pattern recognition. Descending neurons described here, B-DI1(5) and B-DC1(5), both exhibit band-pass pattern selectivity in the mean spike rate and the first type also in the peak instantaneous spike rate values. The strong response decrement of B-DC1(5) to behaviorally unattractive chirps might mirror the selectivity of the preceding networks for species-specific patterns.
In the local and descending neurons, the selectivity for the behaviorally attractive pulse pattern is more obvious for the mean than the peak instantaneous spike rates. This suggests that although the instantaneous spike rate might be the appropriate coding principle for the pulse pattern at the level of the thoracic omega neuron (ON1) (Nabatiyan et al. 2003) , timeaveraged neural activity appears to be more important at higher levels of the processing pathway.
The overall decrease in the number of APs/chirp along the processing levels suggests a transformation of a temporal code into a labeled line code, although the coupling of neuronal activity to sound pulses was maintained.
Copying of the pulse pattern in the auditory-to-motor pathway. During cricket phonotaxis, the temporal structure of the song is preserved from the auditory input to the motor output (Hedwig and Poulet 2004) . Whichever the mechanism of pattern recognition underlying phonotaxis in the auditoryto-motor pathway, a representation of sound pulses needs to be forwarded to the thoracic motor network controlling leg walking and steering movements. Our experiments aimed to analyze if the temporal structure of the song pattern is forwarded toward the thoracic ganglia after auditory processing in the brain.
Whereas the pool of auditory afferents faithfully copied the pulses of a chirp, even at PP10 (Nabatiyan et al. 2003) , Schildberger (1984) and Wohlers and Huber (1982) showed that in the spike rate of the ascending neurons, the high fidelity of pulse copying is lost below PP20. Our data on responses to song pattern PP10 confirm this for all levels of the auditory pathway.
For local band-pass brain neurons, Schildberger (1984) reported SC values below 0.3; here, however, we show that overall, the SC values for the attractive PP of 42 ms did not drop below 0.3 along the processing pathway.
At the level of local brain neurons, the SC values of B-LC2 were slightly above the pulse copying accuracy reported in previous studies (Bohm and Schildberger 1992; Schildberger 1984) , whereas for B-LI1 and B-LC1, the copying fidelity far exceeded that of all of the previously described local auditory neurons in the cricket brain.
Moreover, even in the descending neuron B-DI1(5), the SC value exceeded that of the ascending neurons, and during walking in B-DC1(5), the SC reached the SC level of TH1-AC1. Thus, there is good evidence that the pulse pattern is copied and forwarded to descending premotor interneurons. This is a major functional prerequisite so that pulse-related activity patterns can be forwarded from the brain toward the thoracic ganglia. However, the data so far do not provide evidence that any of the local or descending neurons described here would be directly involved in generating or mediating the commands for auditory steering responses.
Neuron activity and walking. During walking in the absence of sound stimuli, all of the auditory neurons were activated. Some degree of correlation between walking and a neuron's spike rate was present at all levels of the pathway. TH1-AC1 showed a strong and statistically significant correlation between the spike rate and both the forward velocity and lateral velocity to the contralateral side. TH1-AC2 showed lower levels of correlation to both walking parameters. The only brain neurons that exhibited positive correlation between the spike rate and walking to the side contralateral to their input region were the local neurons with an axon crossing the midline, B-LC1 and B-LC2. The activity of these neurons had no significant correlation to the forward velocity. Only one type of neuron, the B-DC1(5), showed no statistically significant correlation to walking at all, although its spike rate increased during walking.
The neuronal activity that was correlated to walking may arise from a motor activity-induced oscillation of the tympanum and hence, an excitation of auditory afferents. This was proposed as a possible cause for modulation of auditory responses during locomotion in TH1-AC1 and the ON1 in G. bimaculatus by . An unspecific activation of auditory afferents would have contributed to the correlation coefficients between walking and activity of auditory neurons.
The effect of walking on processing of sound signals and signals of other sensory modalities was described in several studies (Bohm and Schildberger 1992; Staudacher 2001; Staudacher and Schildberger 1998) . Most descending neurons were gated by walking and started to respond or respond more strongly to acoustic stimuli when the crickets were walking. Here, we found that walking resulted in a general decrease in response intensity of the band-pass neurons (Table 1; Fig. 3 ). This may be explained by supression of auditory responses at particular phases of the leg movement .
During walking, the overall mean spike rates in response to chirps decreased, whereas the peak instantaneous spike rates mostly increased along the processing pathway. Most neurons fired some additional APs that were not related to the acoustic stimuli but could have been evoked by unspecific activity of auditory afferents. In the ascending and local auditory neurons, the pattern copying was slightly weaker during walking than during standing. In contrast, the SC of the descending neuron B-DC1(5) improved with walking by 22%. Furthermore, among the remaining neurons, the decrease in SC was lowest for the other descending neuron, B-DI1(5) ( Table 1) . As crickets steer to sound pulses (Hedwig and Poulet 2004) , one would expect high SC values during phonotactic steering. A general decrease in the pulse copying accuracy during walking, shown here in crickets, which were mostly not phonotactically active, might indicate that "nonphonotactic" and phonotactic walking may need to be regarded as two distinct behaviors and that with the onset of phonotaxis, certain pattern recognition pathways, inactive in solely walking crickets, are switched on.
In one B-DI1(5) recording, the neuron responded to the sound pattern during standing, whereas the auditory response failed during walking, which is just the opposite of the gated responses described by Staudacher (2001) . However, neurons involved in steering need to be activated during phonotaxis. It is worth noting that although in the aforementioned B-DI1(5), the responses to conspecific chirps occurred after the cessation of walking, they were accompanied by several strong turns toward the sound, which may be interpreted as transient phonotactic turns.
